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Edited by Robert B. RussellAbstract A novel measure, called ‘‘topological accessibility’’
quantiﬁes how easy it is to reconstruct a protein structure using
only local contacts when starting at any point on the chain. Plot-
ting this measure for all points in the chain gives a picture of how
accessible the fold is. Simple folds are accessible from all posi-
tions, others are accessible only from limited positions while
the most complex folds are not accessible from any position.
The distribution of topological accessibility along the chain
was found to be completely symmetric for the all-a and all-b pro-
tein classes. However, for the ba class, a distinct asymmetry was
found (with probability 1030 of being due to chance). Examina-
tion of the proteins contributing to this signal indicated many
that have an ancient origin. This suggests that the folds of these
proteins may have become ﬁxed under the inﬂuence of amino-ter-
minal folding before the advent of chaperone assisted folding.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Fold asymmetry1. Introduction
While the ‘eye’ is very good at recognising and classifying
shapes, the same problem is not a simple task for computers.
This is especially true for three dimensional structures and
when faced with the complicated structures of proteins then
even human intuition for what is important is not a reliable
guide. Despite some eﬀorts based on cartoon representations
[1,2] or idealised Forms [3], most computational approaches
attempt to reduce the complicated fold of the protein to a sim-
pliﬁed numeric description based on what parts are in contact
[4,5]. Such measures can be related to abstract concepts such as
the complexity of a protein structure and clearly capture an
important aspect of the fold as they can be related to the ob-
served folding times of proteins [6,7]. However they distil the
fold so much that the essence of what distinguishes one fold
from another is largely lost. For example; two proteins with
the same contact number can have completely distinct folds.
A measure is developed below, called ‘‘topological accessibil-
ity’’ that attempts to retain a stronger relationship to the path
of the protein chain and in particular to its relationship with
respect to the beginning and end of the chain.*Fax: +44 208 816 2460.
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doi:10.1016/j.febslet.2006.08.070Topological accessibility is based on the premise that we
have an intuitive concept of the complexity of a fold from
our everyday experience with string. The simplest fold is ob-
tained when a piece of string is lowered onto a ﬂat surface.
In the resulting pile, segments of string are predominantly in
contact with other contiguous segments and the fold cannot
be tangled or knotted. In addition, the ‘fold’ is symmetric1
with respect to the start and the end of the string. A more com-
plex fold can be obtained by winding the string into a ball. In
this ‘fold’, the contacts are somewhat less local and there is
now a distinct asymmetry between the beginning and the
end. (Try winding a ball of string from outside to inside). In
the ball-of-string fold, every segment of chain is laid-down
over an existing core but it is possible to have a more complex
fold where this is not true. Such a fold would contain segments
that have been looped-out and only later become incorporated
into the structure. These folds admit the possibility of the
chain becoming tangled if the substructures are not unwound
in reverse order. Finally, the chain can be fed-through the
loops so as to create ‘open’ knots that cannot be unwound
while the ends of the chain remain held.
In the world of protein structures, all these types of fold can
be found. The ubiquitous TIM barrel provides an example of a
simple fold with local contacts and no directional asymmetry:
many other proteins have a core around which the chain seems
to have been wound, either as a double or single helix, while a
few even contain knots [8]. (See Ref. [9] for a fuller discussion
of protein topology and knots.) With simple folds, such as the
TIM barrel (Fig. 1A), it would be possible to take either end of
the chain and build up the complete fold making only local
contacts. Indeed, it would be possible to start this process from
any point on the chain and extend in both directions to make
the fold. This would not be so for a slightly more complicated
fold such as the Rossmann fold (Fig. 1B). Starting at the ami-
no terminus, this fold can be constructed purely from local
contacts adding ﬁrst to one then to the other side of a core (like
a ball-of-string) but starting at the carboxy terminus, there
comes a point where it is necessary to make an unconnected
jump and back-ﬁll this gap to complete the fold. If every point
along the chain is tested in this way, then we have a measure of
how accessible the fold is: if the fold can be constructed start-
ing anywhere then it can be considered fully accessible while
less accessible folds can be constructed only from limited re-
gions and inaccessible folds have no starting points.1 The term symmetry will be used in the topological sense to refer to
folds that are equivalent when their chain direction is reversed.
ation of European Biochemical Societies.
Fig. 1. Common folds for tandem b–a units. b-strands are represented
by rectangles and a-helices are represented as circles. All strands run
parallel and point towards the viewer. In reality, the strands are both
curved and twisted which is suggested by their non-linear alignment
and a-helices are about twice as wide as a b-strand. The direction of
the chain is indicated by a terminal arrow-head. (A) Eight units the
sheet can form a barrel and the diﬀerent radii of this circular form at
the b and a level accommodate their diﬀerent size. The barrel structure
is found in many ancient enzymes, typiﬁed by triosephosphate
isomerase (TIM) and is referred to as a TIM barrel. (B) Six b–a units
with an inversion in the side of addition to the sheet allowing helices to
be placed both above and below. The resulting arrangement has two-
fold symmetry and occurs widely among di-nucleotide binding
proteins. It is typiﬁed by the dehydrogenases where it is referred to
as a Rossmann fold, with a truncated form seen in the ﬂavodoxin-like
fold.
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applied to compact protein domains.2. Results and discussion
The topological accessibility algorithm was applied to the
chains of a wide variety of 1800 (non-redundant) protein struc-
tures (between 100 and 500 residues in length) found in the
SCOP 2 domain database [10]. Of primary interest was to
examine the data for any amino/carboxy asymmetry in the
plots. An example of this property can be seen in Fig. 2B where
the fold is accessible only from a limited region near the amino
terminus. A measure to capture this is to take the position rel-
ative to the chain termini where the maximum accessibility oc-
curs. Using this simple measure, the diﬀerent classes in the
SCOP classiﬁcation were found to have the following mean
values: (a) aa: 49.8, (b) bb: 48.2, (c) b/a: 40.7, (d) b + a:
50.7. (The letter in parentheses is the SCOP class identiﬁer.)
All of these classes are completely symmetric with the excep-
tion of the alternating b/a class (c) which deviates by almost
10% from the expected mean of 50%. To check that this result
was not an artefact of the computation, all the structures were
reversed 3 and the unaltered computer program reapplied. The
joint results for each class all summed to 100 within half a per-2 The SCOP database is an expert based classiﬁcation of protein folds
in which each fold is given an identifying tag (its SCCS number) rather
like an enzyme EC-number which speciﬁes the protein fold to varying
degrees of similarity (http://scop.mrc-lmb.cam.ac.uk/scop/).
3 That is: the order of the coordinates was inverted such that the last
became ﬁrst and the ﬁrst became last.cent error, indicating that any asymmetry did not derive from
the algorithm.
It can be seen from Fig. 2D that a simple maximum point
can be misleading: this would suggest that the TIM barrel is
more accessible from the carboxy terminus whereas it is acces-
sible from most points. A better measure was devised that
takes the ﬁrst point in from the N-terminus to rise over 50%
of the maximum along with the equivalent point working back
from the C-terminus. For Fig. 2B this would identify the re-
gion: residues 4–31, while for Fig. 2D residues 25–288 would
be found. These regions were plotted as the distance from each
terminus as a fraction of the protein length (Fig. 3). Proteins in
which the accessible region is symmetric will lie on the diago-
nal of the plot while those with any N-terminal or C-terminal
bias will lie above and below the diagonal, respectively. Points
near the origin will have a wide region of accessibility while
those near the opposing diagonal have only a narrow segment.
Proteins in the all-a class show no N/C bias but lie close to
the origin whereas the all-b class also show no N/C bias but
tend to have a narrow region of accessibility. As suggested
by the mean values (above), the ba class show a clear bias to-
wards the N-terminus and are intermediate in their range of
accessibility, lying more towards the narrow end but with a
sub-population closer to the origin. To investigate the source
of the N-bias in the b/a class in greater detail, these proteins
were ranked by their degree of bias and the upper and lower
quartiles plotted with respect to chain length and family. These
data are plotted in Fig. 4 where it can be seen that the proteins
from each quartile tend to segregate into diﬀerent layers. This
indicates that whole families of proteins are responsible for the
signal rather than just scattered individuals across all families.
The more dominant families contributing to the N-terminal
bias were identiﬁed as the dehydrogenases (2.1. . .), the ﬂavo-
doxin-like proteins (23.1. . .), the b/a hydrolase (69.1. . .), the
PLP-dependent transferases (67.1. . .), P-loop kinase/NTPases
(37.1. . .) and the RNAaseH-like (55.1. . .) families or superfam-
ilies (Table 1).
The dehydrogenase enzymes are associated with most of the
very basic core metabolic processes while the ﬂavodoxins and
their like take part in basic electron transport pathways. Both
groups use nucleotide or dinucleotide cofactors. The P-loop ki-
nase/NTPases, include the most basic kinases (such as adenyl-
ate kinase) and are ubiquitous in enzymes that utilise
trinucleotides. The ribonuclease-H like fold is found as a do-
main in many polymerases, transcriptases and other proteins
that process polynucleotides but also in actin, hexokinase
and a heat-shock protein. With the possible exception of actin
and RNAaseH itself, all these folds are well represented in the
last universal common ancestor (LUCA) and can be consid-
ered to be fundamental to life and very ancient in origin [11].
There are, of course, many proteins not in these groups that
can also be considered very ancient, equally there will be some
that are not ancient. However, the broad fundamental nature
of these domains suggests that an explanation of the asymme-
try in their accessibility might be found in the deep past.
A dominant feature of the proteins identiﬁed above is that
many bind mono-, di-, or poly-nucleotides and it has been
noted in the earliest studies that this type of fold (referred to
generally as doubly-wound) is preferred over its reversed fold
[1]. This bias may have its origin in the two symmetric loops
that splay apart from the centre of the fold (Fig. 1B). In the
doubly-wound fold these are associated with the amino termi-
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Fig. 2. Topological accessibility for two b/a proteins. The smoothed chain is coloured from most accessible to inaccessible as red to blue. (A)
Flavodoxin (PDB: 5nul) has a Rossman-like fold which is accessible only from the ba-unit at the amino terminal segment. The values of Si (Eq. (4))
are plotted in part (B) with low values damped by the transform: log(1 + exp(Si)). (C) The TIM-barrel protein (PDB: 1egz) which is accessible from
everywhere except a small amino terminal segment which lies over one end of the ‘‘barrel’’ (viewed from the side). The values of Si are plotted in part
D. The sharp dips in this plot occur where it is diﬃcult to initiate packing in the middle of an extended b-strand.
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Fig. 3. Topological accessibility bias. The relative residue positions at
the ends of the region of accessibility are plotted for each protein as:
red = aa, green = bb and blue = b/a class. Proteins above the diagonal
(dashed line) show an N-terminal bias while those below have a C-
terminal bias. Proteins near the origin have a wide region of
accessibility while those near the opposing diagonal have a narrow
region. In the b/a class, 433 proteins lie above the diagonal and only
155 below. The probability of this occurring by chance is around 2/
1029. This was calculated using the binomial (coin-tossing) distribution
on the assumption that any protein has an equal chance to ‘‘land’’
either above or below the diagonal.
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Fig. 4. Biased protein families. Proteins from the b/a class plotted as
their length (X) against family identiﬁer (Y). The latter was reduced to
a single number by replacing the second full-stop in their identiﬁer with
a zero: e.g., 23.16.3 becomes 23.1603. The top quarter of proteins with
an N-bias are plotted as a red ’+’ and the bottom quarter (with C-bias)
are plotted as a green ‘·’. Some families with marked N-terminal bias
are labelled as: A = dehydrogenases, B = ﬂavodoxin-like, C = P-loop
kinase/NTPases and D = RNAaseH-like.
W.R. Taylor / FEBS Letters 580 (2006) 5263–5267 5265nus of the a-helix which has a favourable polarity for binding
nucleotide phosphate. An explanation might also be found if itis assumed that these proteins predated the activity of chaper-
one assisted folding [12,13]. While this property itself is very
old (being represented in LUCA), it is unlikely to be as funda-
mental in nature as most of the proteins mentioned above – if
Table 1
SCOP b/a-families ranked by N-terminal fold asymmetry
Minimum family size
1 3 5 7 9
107.1 1 10.0 87.1 4 65.5 62.1 5 84.8 23.1 10 96.0 23.1 10 96.0
65.1 1 15.0 23.10 3 66 23.5 5 95.6 2.1 31 98.6 2.1 31 98.6
23.8 1 43.0 62.1 5 84.8 23.1 10 96.0 55.3 8 116.1 69.1 32 215.2
87.1 4 65.5 23.5 5 95.6 2.1 31 98.6 69.1 32 215.2 69.1 32 215.2
23.10 3 66.0 23.1 10 96.0 55.3 8 116.1 67.1 30 244.1 37.1 54 247.7
21.1 1 77.0 2.1 31 98.6 26.1 6 133.3 37.1 54 247.7 47.1 18 289.6
23.9 2 77.0 16.1 3 112.6 72.1 6 153.6 47.1 18 289.6 61.1 11 313.4
23.6 1 80.0 55.3 8 116.1 108.1 5 163.8 61.1 11 313.4 1.10 13 334.3
44.1 2 80.5 26.1 6 133.3 69.1 32 215.2 14.1 8 331.3 1.8 25 340.6
62.1 5 84.8 53.2 3 143.6 92.2 5 226.8 1.10 13 334.3 66.1 24 350.7
The 588 b/a SCOP families were grouped by the ﬁrst two digits of their SCCS identiﬁer (the EC-like code) and their mean rank position tabulated for
diﬀerent minimum family size. Each entry gives (in order) the SCCS identiﬁer the (super) family size and the mean ranked position. Concentrating on
the larger families, the top six family groups from the minimum size 7 column (bold) are discussed in the text. These are (with b-strand order in
parentheses): c.23.1 = ﬂavodoxin-like (21345), c.2.1 = NAD(P)-binding Rossmann-fold (321456), c.55.3 = RNAase-H like (32145), c.69.1 = b/a
hydrolyase (12435678), c.67.1 = PLP-dependent transferases (3245671), c.37.1 = P-loop NTP hydrolases (23145).
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poses other proteins.
If these ancient proteins had to fold unassisted, it is possible
that they had a bias to fold their amino segments ﬁrst as they
were synthesised [14]. This could lead to a relic of this behav-
iour imprinted in their modern folds.3. Materials and methods
To apply this approach to real structures (as distinct from simpliﬁed
diagrams) requires some deﬁnitions of what constitutes a contact.
Firstly, to avoid local distance ﬂuctuations in secondary structures,
the chain was smoothed using three cycles over tripeptides as described
previously [8]. In the above discussion, b secondary structure contactsFig. 5. The segment extension algorithm is illustrated using a fragment
of a ba protein shown in a-carbon representation with the N-terminus
to the left. The current segment of structure started at the larger black
residue and has extended over the region coloured black. Two residue
additions are considered at either end (light grey spheres labelled ‘‘N’’
(amino end) and ‘‘C’’ (carboxy end). The algorithm measures the
pairwise distance from each potential addition to all the residues in the
segment (some are shown for the ‘‘C’’ end). These are transformed to a
score (by Eq. (1)) and the end with the maximum score is added to the
segment. The algorithm is actually applied to the smoothed protein
chain (e.g., Fig. 2A and C).were considered more important than a secondary structure contacts
and in dealing with a-carbon models a ‘soft’ cutoﬀ is desirable. These
requirements were captured in the following exponential switch func-
tion:
tij ¼ 1 1=ð1þ expðr þ sij  dijÞÞ ð1Þ
giving a score t for residues i and j which are separated by a distance
dij. The switch point occurs when dij = r + sij which is determined by
a base level r and a secondary structure component s. If either residues
i and j are b then sij = 5; if either i and j are a (and neither are b) then
sij = 10 and if neither condition applies, then sij = 15. A value of r = 3
was found to be reasonable: scoring less than 12% of the maximum
contribution for bb interactions over 10 A˚, a interactions over 15 A˚
and coil interactions over 20 A˚.
Starting at any residue, a segment can be grown by testing amino
and carboxy terminal extensions to each end. If the current segment
runs from residue n to c (in a chain of length L), then the best interac-
tions are found by taking each potential addition (n  1 and c + 1) and
measuring all their distances to the residues already in the segment.
This is illustrated for a fragment of protein structure in Fig. 5 where
the addition of a residue to the C-terminus (C) is being tested. Each
of the pairwise interactions with the existing segment (black) is scored
using the switch function (Eq. 1) and the best score taken as the mea-
sure to decide on addition. As larger scores are better, this is the max-
imum value (T) over the pairwise scores (t):
T cþ1 ¼ maxftcþ1;jg; for n 6 j 6 c; c < L ð2Þ
The potential addition to the amino terminal (N in Fig. 5) is similarly
evaluated:
T n1 ¼ maxftn1;jg; for n 6 j 6 c; n > 1 ð3Þ
and the larger score (max{Tn1,Tc+1}) determines which end is ex-
tended to form the new segment. The process is then repeated.
With each extension, a score (S) is accumulated as:
Si ¼
X
logðmaxfT n1; T cþ1gÞ; for i > 1 and i < L ð4Þ
The sum Si gives a measure of how good the packing is when exten-
sions are grown from residue i to encompass the whole chain. This va-
lue can be plotted for every residue, as shown for a Rossmann fold ba
protein (Fig. 2B) and a larger TIM barrel protein (Fig. 2D).
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